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1. INTRODUCTION 


Tue theory of the diffraction of light by two superposed parallel supersonic 
© waves, the frequency of one of them being a multiple of the frequency of 
© the other, has been investigated by Ramachandra Rao! and Murty? using 


© the methods of Raman and Nath’s preliminary theory. Employing the 
— reasoning of Raman and Nath’s generalized theory,* Zankel and Hiedemann® 


and Mertens® extended those calculations, starting from the wave equation 
_ for the electric field of the light. 


Other theories, mainly based on Raman and Nath’s preliminary theory, 
were developed by Bergmann and Fues,’ Nagendra Nath® and Nagabhushana 
Rao® for sound waves with incommensurate frequencies and presenting no 
phase differences. 


In the present paper we shall expose the general theory of the diffraction 
of light by two superposed parallel supersonic waves having arbitrary fre- 
quencies. We shall, however, suppose that the ratio of those frequencies 
y* and v,* is equal to the ratio of two simple incommensurable integers 
m, and n,, different from one. This problem will be encountered experi- 
mentally when the piezo-electric crystal generating the supersonic waves is 
excited at two harmonics (the fundamental tone being excluded), the fre- 
quency of one of them being no multiple of the frequency of the other. To 
our knowledge the only experimental treatment of such a case was given by 
Bergmann,’ who observed orders corresponding to v,* + v,*, v,* and v,*, 
In the following section a system of difference-differential equations for the 
amplitudes of the different orders is derived. In § 3 the special case of very 
intense supersonic waves of large wavelengths is considered and the corres- 
ponding system of difference-differential equations is solved exactly. Finally 
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in the last section the conditions for the asymmetry of the diffraction pattern 
with respect to the zero order are derived. 


2. A SYSTEM OF DIFFERENCE-DIFFERENTIAL EQUATIONS FOR THE 
AMPLITUDES OF THE DIFFRACTED LIGHT WAVES 


As usual let us consider a parallel beam of monochromatic light of fre- 
quency v and wavelength in vacuum A, passing through a liquid column. 
The liquid is disturbed by two superposed parallel progressive supersonic 
waves, the ratio of the frequencies of which is v,*/v.* = n,/n., where n, and 
Nz, are simple incommensurable integers, the case, nm, or m, equal to one, 
already treated in an earlier paper,® being excluded. We shall suppose that 
the directions of propagation of the incident light and the sound waves are 
perpendicular to each other, We shall further put the z-axis along the direc- 
tion of the incident light and the x-axis along the direction of the sound 
waves. 


Following the method of Raman and Nath’s generalized theory‘ for 
one ultrasonic wave, the electric field of the light may be written 


E (x, z, t) = e*"*¢ (x, z, £), (1) 
¢ (x, Z, t) satisfying the equation 
2 
4g = —(F) oP 4; (2) 


p(x, t) is the refractive index of the disturbed liquid and is given by the 
expression 


r . RP 
pe (x, t) = Bo + My SIN dn (»4*t — i Ai 4,) 


— be sin 2a ( Vo*t — i + 4,) > (3) 


where 
A,*, A,* = wavelengths of the supersonic waves in the medium; 
v,*, v,* = frequencies of the supersonic waves; 
fy = refractive index of the undisturbed medium; 


1, ge = maximum variation of the refractive index of the dis- 
turbed medium, due to each of the supersonic waves; 


4;, 4, = phase constants of the supersonic waves. 
Let A be the least common multiple of A,* and A,*, so we have 
A => n,A,* = NgA*. (4) 
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According to the formule 
n= am, nt = = om 
1 2 A 
where c* is the velocity of propagation of the supersonic waves in the liquid, 
and putting N =c*/A we obtain 
v,*=n,N, v,* =n, N 





or 


Ds) ny e Nog 
N38 Ae ” 


From the formula (3) for the refractive index and taking (4) and (5) into 
account, it is clear that the following periodicity conditions are valid, 


p(x + pA, t) = w(x + pms, 1) = w(x + pmads*, 1) = u(x, 1), 6a) 
w(xtt+ £) =n (s+ 2h) u(t 28) =n, 68) 


p being an integer. Hence, the following conditions hold for the function 
| o(x, 2, t) 
¢ (x + pA, z, t) = $ (x, z, t), (7 a) 


$ (x, zt+F) = (x, z, t). (7b) 


Further we have also the condition, expressing that the sound wave is a 
progressive one, 


w(x + pA, 2,1) =n(x, 21-4), (8) 





p being an arbitrary number, leading to 
= Pp 
b(x + pA,z,)=¢ (x,2,1- 4). (9) 


With regard to the periodicity of ¢ (x, z, ¢) in x and ft, expressed by (7 a, db), 
this function may be developed in a double Fourier series, which, taking 
into account the condition (9), may be written in the following form; 


$ (x, z, 1) = 3 fn (2) eominx|A en 2rinNi ; (10) 


Substituting this series and the expression (3) for the refractive index into 
the differential equation (2), neglecting the terms in p,%, w,? and-py. with 
respect to those in , and p.2, and equating the coefficients of 















exp 2z7in A . exp — 2ninNt 
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on both sides, we obtain 


-s * fy (2) n® 0+ Se = -* bo® tn 


8 ’ ies 
ae at Shs e* As tan fa-n,& ee 


82? 2 Ti — 29 
ie Ne { franc” A: — fa-ne = As} . 
Putting further 
22 
fr (2) = exp (— iF Haz) bn (2) 


and neglecting the term in d*4,/dz* with respect to the others, the following 
system of difference-differential equations for the coefficients ¢p (z) may be 
written, 


' 3 a {$n-no™ ie nines} ee {bn-n,e _ dninc'?} 
= ipn*dy ie 
with 
rp 2A 
qq = =e 3 B a we ) 3; = 274; (i = 1, 2). (12) 


From (10) it is seen that the spectrum of order n makes an angle with the 
z-axis, defined by 


, A 

sin 0, = —n 7A" (13) 
We now remark that it is possible to write in an indefinite number of ways 
that nm = rn, + sn, whereby r and s are couples of integers between —oo 
and +co. Hence, 


, A A A 
sin 0, = —n 4 = — m4 —Im4=—(r ree + Sys) = sin Ore 
(14) 


where use has been made of the relations (4). 

Again from formula (10) follows that the n-th order spectrum under- 
goes a frequency change —”N, which becomes if we take formula (5) into 
account, 


— nN = — (rn, + snz.) N= — (rv,* + sve*). (15) 
We may thus conclude that the n-th order can be considered as a super- 


position of partial orders (r, s), where r and s are all couples of integers 
satisfying the relation n = rn, + Sng. 
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The n-th order amplitude ¢, may be decomposed into a sum of partial 

amplitudes of order (r, s), 

on = a rss (16) 


where the summation is performed over all couples of integers r, s obeying 
the relation m = rn, + Smo. 


The system (11) may further be simplified by eliminating one of the 
phase constants. Therefore we shall put 


dn =n ein 7) 
into the equation (11); putting 5 = (7,5, — n,.5,)/n, we obtain 


2 = — 0; (bn_n, — Ynin,) — % {n-n,e-@ — nine} = iBnZn. (18) 


We could, of course, have written this equation directly by introducing 
§, = 0 and 6, = 4 in the expression for the refractive index.T 


Let further be 





2 
i dene. ok 
then the system (18) becomes finally 
|. dn | Sage 
2 : nn, — ¥nin,) — 2 {n-ne — Ynine?} = ipyn*}y| (20) 





The solutions of this infinite system of difference-differential equations 
satisfying the boundary conditions 


$n (0) = Sno (21) 
(8n9 being the well-known Kronecker symbol), are the amplitudes of the 
diffracted orders, a complex factor of modulus one excepted. 


+ We have the same situation in the case of one progressive supersonic wave, when the refrac- 
tive index is given by yw (x,t) = He + 4, sin2w (v*t — x,;A* + A). The generalized theory of 
Raman and Nath then leads to the system 


d ; , 
. a —{Gn-1  — Gnss C9} = ipn?gy 


with 
2mu 32 rn 
panei = ———. an a . 
“‘wt.. po and 8 =2rA; 
the substitution ¢, = ¥, c~ ‘9 transforms the system into 
adn 
2— 
ad i¢ 
which is the usual Raman-Nath system without a phase constant. 


j= 


— Ya-a — dnt) = ipnpn 
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3. SPECIAL CASE: p, =0 


For great values of », and A, i.e., great values of both supersonic wave. 
lengths A,* and A,*, p, becomes approximately zero, so that the r.h.s, of 
equation (20) is negligible. The system now takes the form 


2a — Grn, — Ynin,) — 2 {n-ne — dnin,e} = 0, (22) 


with the same boundary conditions (21), and we shall prove that it may be 
integrated exactly. Therefore we shall follow the complex function method 
of Nagendra Nath-Wilson.? We put 

— 


bn = 3D FO) cer 23) 


where F() and f(y) are yet unknown functions of the complex variable 7 
and the integral is taken along a closed path in the complex 7-plane en- 
circling the origin once in the positive sence. The boundary conditions (21) 
require that 


F(m) = 1. (24) 


Substitution of the solution (23) into the equation (22) leads to the deter- 
mination of the function f(m), 


1 1 a a l 
[M=5 (0" - =x.) +5 {rte i _ ae 
so that (23) may be written 


Yn (¢) 
ia (0 1—- wi) | ex [3 


a = i yeni 





The exponential functions in the integrand may be developed in the well 
known Laurent expansions," 


1 ' 1 
exp : (a _ am) = > Jy (S) 9", (27a) § 


rf=-—CO 


exP > (te =) - > 3 Js (al) Se 82, (27 b) 
where J», (z) denotes the Bessel ieeition of order n. Substituting those series 
into the r.h.s. of (26) we get 
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$n (0) = os, .» In (L) Tg (af) e188 ng .7#,8-1-1gp_ 


744-—CcO 


The integral having the value 27i5n nr4n,3 we obtain finally 


Yn = 2 Jr (2) Js (af) et 





| (28) 











where r and s are all integers satisfying the relations 





n=nr+ns |. (29) 











Those results are in accordance with the general conclusions of the fore- 
going section. In the Appendix will be shown that the same solution is 
obtained by using the preliminary theory of Raman and Nath. 


We shall now investigate the symmetry properties of the spectra of 
orders — n and + n in this special case p,;=0. In order to calculate the 
intensity of the order n from the expression for the amplitudes (28), it has 
proved advantageous to replace the summation indices r and s, coupled by 
the relation (29), by one index that goes through the row of all integers from 
—co to +co. Therefore we shall put, 


r=a + jne, s=b — jn, (30) 


where | a | and | b | are the smallest pair of whole numbers satisfying the 
relation n = n,a+n.b; j is an arbitrary integer; the so chosen values of 
rand s fulfil the condition (29). The intensity Jp = %p%,* now reads 


In = E Jasin (2) Jo-jn, (ad) tin 


j=-Cco 


x 2 Ja+kn, (¢) Jo-kn, (af) ei(b-kn,)8 


k=z=-—Cco 


om 2 J*asjns (2) J*b-jn, (al) 


+ 2 2 Jasin, (2) Jaskn, (2) Jo-jn, (2) Jo-kn, (a2) cos (j—k) 145. 
(31) 


On the other hand we have 


Ln== & J_a-jn, (2 J-vijn, (af) ef O92? 


j=e-—oo 


XE Taken, (0 J-vikn, (af) etee-ken2 
k 


=-—CoO 
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which becomes after some calculations, where the well-known relation 
between Bessel functions, J_p (z) = (— 1)" Jn (z), has been employed 

Ly = 2 Jt +jns (2) J *b_jn, (af) 


+2 F (— IRM) Tg. in, (QD Jarkn, (2) 


i<k 
x Jb-jn, (al) Jp_kn, (a2) cos Gi — k)n,é. (32) 
Comparison of the expressions (31) and (32) leads to the following conclusion: 


In the case p, = 0, the intensities of the orders — n and + n are equal 
ifn, — ng is even; those intensities are not equal if ny — nz is odd, except 
in the case that n, is odd and & an odd multiple of =/2.* 

4. SYMMETRY AND ASYMMETRY IN THE GENERAL CASE p,; # 0 


If the intensities of the orders n and — n should be equal, i.e., In = Ln 
we should have either yp = e*%aS) by» or bn = en) b_,*, where yn (£) isa 
yet arbitrary function of ¢ and where ¢_,* designates the complex conjugate 
of tn. 


(1) First Possibility : 
dn = em) bn. (33) 
Making this substitution into the general equation (20), we obtain 


— {t_nin, EXP i (Yn-n, — Yn) — 4-n-n, XP i (Ynin, — Yn)} 


abn 
2 — dt 


— a {b_nin, XP i (Yn-n,—Yn) e®—o nn, exp i (Ynin,—Yn) e'3} 
. d 
=I! (en® — ys at) tn. (34) 
If we now change n into —n in equation (20), we have 


2 — Wenn, — Yoni) — omen, 8 — tonne) 


= ipn*h_n, (35) 
equation that must be identical with (34). 


(a) Identification of the second members of both equations gives 
dyn/d¢ = 0, from which it follows that 


Yn (4) = constant. (36) 


* This result has been partly derived by Mr. O. Leroy. 
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(b) Identifying the terms between the first brackets of the left-hand sides 


of equations (34) and (35) gives exp i (yn-n,—yn) = — 1 and exp i (ynin,—n) 
= —1 from which 


Yn-n, — Yn = (2k + 1)2 (37 a) 
and 

Ynaen, — Yn = (27 + 1). (37 5) 
A solution of this system of difference equations is 

Yin, = Vin = Vins = 9° = Vint = °° = Yan = jr 

0<i<n,—1. (38) 

This may easily be verified by direct substitution; we also remark that (38) 
gives y» = 0, which is required by the form of the substitution (33). We 


further obtain for n, = 1, yn = m7, which is in accordance with the results 
of our earlier paper, treating this special case [cf. Ref. 6, Eq. (20)]. 


(c) The identity of the second brackets of the left-hand sides of equa- 
tions (34) and (35) leads to 


exp i (Yn-n, — Yn) e-® = — e®, (39 a) 
exp i (Ynin, — Yn) e® = — el, (39 b) 
In order to transform those conditions, we shall now calculate yn_n, — yn 
and Ynin, — Yn: 


Firstly it may always be supposed, that m,< n,(n,;> 1). We shall 
further put 


Ng=pn,+q, pel, lxqcn—l (40 a) 
n=mn,+i, m>0, 0O<ix<n—1 (40 b) 
(p, gq, m and i being integers), so that 
Yn-n, — Yn = YVim-p) n,+i-q ~ Ymnytis (mn, —1)<i—q<n—2 
(41 a) 
Ynin, — Yn = Vimipy nti+g — Ymnztir l<i+q<2m,—2 (41 b) 
from which, using (38), 
Yn-n, — Yn = — PO if O<i—q<n—2 (42 a) 
Yn-ng — Yn = —(P+1)7 if —-™m—1I)<i-q<0 25) 
Ynin,s — Yn = pT if l<i+q<n-1 (42 c) 
Ynim, — Yn =(p + 1)7 if m<itq<2n—2 (42 d) 
The combination of those possibilities leads to the following four cases: 
(2) Yn-n, — Yn = — po and Yan, — Yn = pt With 1< q<n,/2 — }. 











298 ROBERT MERTENS 


If p is even, the conditions (39) are equivalent with cos 5=9@, ie, 
5 = (k + 4). 

if p is odd those conditions may be replaced by sin 5 = 0, i.e., 5 = kz, 

(8) Yn-n, —¥n = —(P+1)7 and ynin,— Yn =(P +17 with 
nl2<qcn— 1. 
The conditions (39) may then be replaced by the following ones: 

If p is even, sind’ =0 or 5 = kz. 

If p is odd, cos8 = 0 or 8=(k + 4)z. 

(y) Yn-n, — Yn = — pm and yain, — Yn = (p + 1). 


(39 a) and (39 5) lead to the simultaneous conditions cos § = 0, sind = 0 
for all values of p, which are impossible to fulfil. 


(5) Yn-n, — Yn = — (p + 1) and Ynin, — Yn = P™. 


Here the same impossible conditions as in the foregoing case are 
obtained. 


(2) Second possibility : 
Yn = elt) LF _p, (43) 
Substitution of this expression for %, into the system (20) gives 
dyp*_ : 7 
2 as — {$¥ nin, EXP i (Yn-n, — Yn) — ¥*-n-n, EXP i (Ynin, — ¥n)} 
— a {h*_nin, EXP i (Yn-n.—Yn) eP—* nn, exp 7 (Yn4n,—Yn) ey 


= i(on*—2 an) b* mn. (44) 


On the other hand the complex conjugate of equation (20) in which n has 
been changed into — n reads 


« ; . 
2 oe — ("2-2 — p*_nin,) — a {f*_pn, ec} — $F nin, ey 


sealant ip,n® Pha , (45) 


Both equations (44) and (45) must be identic. Equating the right-hand 
sides gives dy,/d€ = p,n®, which has the solution yp, = p,n®f + Cy, Cy being 
a constant. Introducing this value into the first bracket of the left-hand 
side of equation (44) and comparing with the first bracket of (45) it is easily 
seen that their identity could never be realized. 
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Hence, we may conclude in the general case p, 0, that in the diffrac- 
tion pattern we shall have J, + I_y as soon as one of the following conditions 
is fulfilled: 


peven, 5% (k + 4)7 
or when l<q< 
p odd, 5+ ka 


vi 
Nie 


p even, 5+ kz 

or when <9" — 1. 
podd, 84 (k+4)7 

The proof may easily be given by a reasoning ab absurdo. 


So, for example, we shall have an asymmetric pattern with respect to 
the zero order for n, = 2 and n, = 3 (p = q = 1) when 8¥ (kK + })z, which 
corresponds with the results of the elementary theory [n, — n, odd, 
SA (kK +4)7]; for nm, =3, ny =5 (p=1, g = 2) an asymmetric pattern 
is to be expected when 5+ (kK + 4)z, whereas the elementary theory predicts 
a symmetric pattern with respect to the zero order (m, — m, even). 


We are glad to express our sincere thanks to Professor Dr. M. Nuyens 
for his stimulating interest in our work. Our thanks are also due to 
Mr. O. Leroy for some valuable suggestions. 


SUMMARY 


Starting from the wave equation for the electric field of the light, the 
theory of the diffraction of light by two superposed supersonic waves is deve- 
loped for sound waves, the frequency ratio of which is n,:,, where n, and 
Ng are simple incommensurable whole numbers, different from one. A sys- 
tem of difference-differential equations is derived, using the Fourier series 
method of Raman and Nath. The diffracted light waves make angles defined 
by 


‘ r AY 

sin O95 = (xs + 1) A 
with the direction of the incident light and have frequency changes 
— (rv,* + Sve*), (r, 5) being all the couples of integers satisfying the relation 
n=rn, + sng, where n is the number of the diffraction order. Neglecting 
the right-hand side of the difference-differential equation, approximation 
which corresponds with very intense ultrasonic waves having great wave- 
lengths, the exact solution of the problem is obtained by using a complex 
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integral method. 
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In this special case the diffraction pattern is symmetric 


with respect to the zero order if nz, — n, is even; for n, — n, odd, the pattern 
is asymmetric, except when 7, is odd and the phase angle of the sound 
waves 5 = (k + 4)z. It has further been shown, that in the general case 
the intensity of the orders n and — n are always different, excepting for some 
special values of the phase angles of the supersonic waves. 
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APPENDIX 


DERIVATION OF THE RESULTS OF § 3 BY THE METHOD OF RAMAN AND NATH'S 
ELEMENTARY THEORY® 


Let L be the width of the sound field, then the outgoing light wave in 
the plane z= L can be written as 


# (x, L, 1) = exp Qniv {1— Lule, »} 


= exp 2zivt . exp — 


2niL NB 
meeenD , (A.1) 


where c is the velocity of the light in vacuum, or using the explicit expres- 
sion (3) for the refractive index 


ob (x, L, t) = exp 2zivt . exp — 2z7i ee 
= ae pe 
x exp )_ 2rrip, y sin Qn ( »,*4 _ i*)} 
xX exp i- mins < sin 2a ( v,*1 = + 4)} : (A.2) 


Developing the last two exponentials in a series of Bessel functions!? we obtain 


> (x, L, t) = exp 2zivt . exp — 2zi Pol. 


A 
4 s (— 1)" exp 2z7i (ryt — Cs x) J, (7%) 
— 1 
x ¥ (— 1)§ exp 2z7i (svete — cs x + s4) 
2 
x Js avy 


Changing r into —r, s into —s and taking into account the relation 
Jn (Zz) = (— 1)" Jn (z) it follows that 
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¢ (x, L, t) = exp 2zivt . exp — ee 


«Dn RE) oR) ee 


%,8@S—Cco 


X exp — 27i (rv,* + sva*)t 
x exp 2zi (x + x) X. (A.3) 


This is the formula already obtained by Nagendra Nath® for two completely 
arbitrary supersonic waves. From this formula it is seen, that the light wave 
diffracted in the direction 


sin 0,, = — (sat ys) 
undergoes a frequency change 

Avs = — (rvy* + SvQ*) 
and has the amplitude 

rs = Jy (v1) Js (v9) o-*, 
where 


y = SE (i= 1,2). 
Introducing now for our case the relations (4) and (5) and grouping together 
all terms in the series (A.3) for which r and s satisfy the relation n=n,r-+-n,s, 
we may conclude that the whole spectrum is composed of waves in the 
direction 9, defined by sin #, = —nA/A, having a frequency change — nN 
and having a total amplitude 


tn = a brs = Py Jy (¥,) Js (v2) oie (A.4) 


nyr+nzs=e Ahyrt+nsen 


which is nothing else but the amplitude (28) for z= L. 








SRE EEN TENE RIOR HAO 









By 











SUM-COINCIDENCE TECHNIQUE FOR 
y-RAY STUDIES 


By S. JHA, H. G. DEVARE, M. NARAYANA RAO AND KuMARI G. C. PRAMILA 
(Tata Institute of Fundamental Research, Bombay) 
Received July 18, 1959 


(Communicated by Dr. B. V. Thosar, F.A.sc.) 


INTRODUCTION 


HooGENBoom (1958) has recently developed, for the study of y-rays in cas- 
cade, a new technique in scintillation spectrometry which he calls the “‘ sum- 
coincidence” method. He applied this method to the study of the y-rays 
emitted in the decay of Co® and Na2? and of the y-rays emitted in the (p, y) 
reactions. Jn this paper the results of the application of this method to the 
decay of Sc**, Sm!53 and Eu’ are reported. It has been found that this 
method helps in detecting low intensity y-rays emitted in cascade and 
it is a powerful tool in the estimation of the relative intensities of the alter- 
native cascade emission of y-rays. For the decay of Eu!™, this method has 
been used in identifying a level at 1850 Kev. as belonging to Gd™. 


DESCRIPTION OF THE METHOD 


If a radioactive source emitting y-rays in cascade is viewed by 
two well-matched Nal (T1) crystals and photomultiplier units, and the 
pulse outputs from the two units are added up electronically and analysed 
in a pulse height analyser, the spectrum will show, in addition to the Comp- 
ton humps and the individual photo-peaks, the sum peak of the y-rays 
in cascade. For instance, in Sc*’, in addition to the Compton humps 
and the photo-peaks of the 880 Kev. and the 1120 Kev. y-rays, one 
would observe a peak at 2004Kev. Now, if one takes this sum peak in 
the gate of the coincidence unit and scans the spectrum in one of the units, 
one would observe the photo-peaks of only those y-rays which are 
members of the cascade and whose energies add up to the sum peak energy. 
The Compton pulses not contributing to the sum peak would be suppressed 
completely. Secondly, if only a narrow band of the sum peak is taken in 
the gate, the photo-peaks in the sum-coincidence spectrum of the cascade 
y-Tays look very much sharper. 
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In the experiments being reported here, two Nal crystals 14” in dia- 
meter, 2” thick attached to two DuMont 6292 photomultipliers, were 
used. The cathode-follower output of one of the units was divided into 
two, one being connected through an adder circuit to the cathode-follower 
of the second unit, and the added output fed to a linear amplifier and a pulse 
height analyser; the other was connected directly to an amplifier and a 
pulse height analyser. These two branches were fed into a slow-fast co- 
incidence unit, a small portion of the sum peak from the added spectrum 
served as the gate, and the cathode-follower output was analysed in co- 
incidence. Figure 1 gives the electronic arrangement. 


PMoM1 PM2 


























Fic. 1.—(a) The block diagram of the electronic equipments for the ‘‘ sum-coincidence” 
studies. 


(6) Adder circuit. 
EXPERIMENTAL RESULTS 


In this section, the results of our study of a number of isotopes by the 
** sum-coincidence” technique are described. 


Sum-Coincidence Study of Sc** 

Sc** decays almost entirely by the emission of 357 Kev. f-rays to the 
second excited state of Ti** at 2-004 Mev., followed by the emission of 
885 Kev. and 1120 Kev. y-rays. When the source was sandwiched between 
two well-matched Nal crystals, and multiplier units one got a sum peak of 
the two y-rays at 2:004Mev. A part of this sum peak (about 2 volts) 
was taken in the gate and the spectrum in coincidence was scanned. 
Figure 2(a) gives the ordinary spectrum of Sc**. Figure 2 (5) gives the 
spectrum in coincidence with the sum peak. One can see that the Compton 
hump has disappeared completely. The last peak at 2-004 Mev. is due to 
the adding of the two y-rays in the scanning crystal. The half-width of the 
1-12 Mev. y-ray is about 5%. 
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Fic. 2. (a) Single spectrum of Se*® +-rays. 
(b) “*Sum-coincidence” spectrum of the y-rays cf Sc*. 


Sum-Coincidence Study of Sm** 


The next isotope studied by this technique was the 47 hr. Sm™*. This 
isotope decays by f-emission mainly to the ground state and to the states 
at 103 Kev. and 170 Kev. of Eu®*. The y-rays associated in the decay of 
this isotope are the cascade y-rays of energy 70 Kev. and 103 Kev. and the 
cross-over y-ray of energy 170 Kev. Due to the internal conversion of 
y-rays, 40 Kev. K X-ray of g3Eu is also emitted. The decay scheme is shown 
in Fig. 3 a. 


When the source of Sm!** is placed in between two Nal crystals for “‘ the 
sum-coincidence studies’, the added spectrum shows (Fig. 3 b) the K X-ray, 
70 Kev. y-ray, 103 Kev. y-ray, a peak at 144 Kev. due to the summing of 
the 103 Kev. y-ray and the K X-ray of Eu arising from the internal con- 
version of the 70 Kev. y-ray, and finally an enhanced peak at 170 Kev. due 
to the 170 Kev. y-ray and due to the summing of the 103 Kev. y-ray and the 
70 Kev. y-ray. Now, if one takes a small portion of the sum peak at 
143 Kev. in the gate and scans the spectrum in one of the crystals, one should 
get the sum-coincidence peaks only at 40 Kev., 103 Kev. and at 143 Kev. The 


peak at 70 Kev. should be completely suppressed because the 70 Kev. y-ray 
a2 
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Fic. 3. (a) Decay scheme of Sm*"*. 
(6) Added spectrum of the y-rays of Sm*™. 
(b,) The K X-rays have been absorbed to bring into prominence the peak at 170 Kev. 


(5,) K X-rays have not been absorbed and one gets a strong peak at 144 Kev. 
(103 Kev. + 41 Kev.). 


(c) “Sum-coincidence” spectrum with 144 Kev. sum peak in the gate. 
(d) “Sum-coincidence” spectrum with 173 Kev. sum peak in the gate. 


does not contribute to the peak at 143 Kev. This is what one finds.as shown 
in Fig.3.c. On the other hand, if one selects a small portion of the sum peak 
at 173 Kev. and scans the spectrum in one of the crystals, one should get 
the sum-coincidence peaks at 70 Kev., 103 Kev. and at 173 Kev.. The 40 Kev. 











dec 
Jul 
(19 


yel 





ev. 
ev. 


vn 
ak 
ret 





Pose, Sy os sists 


— 


Pe 














Sum-Coincidence' Technique for y-Ray Studies 307 


K X-ray peak should be suppressed completely. This is shown in Fig. 3 d. 
Ey 

The sum-coincidence technique has been used to study the complicated 
decay scheme of Eu*. The decay scheme of this isotope has been given by 


Juliano and Stephens (1957), Cork et al. (1957) and by Bhattacharji er al. 
(1958). It is reproduced in Fig. 4. 
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Fic. 4. The decay scheme of the Eu", including a level at 1850 Kev. in Gd™. 


The highest energy level in Gd*4, known so far, is the level at 1723 Kev. 
which decays with the emission of the following cascades: (a) 725 Kev. + 
998 Kev., (6) 725 Kev. + 875 Kev. + 123 Kev., (c) 593 Kev. + 1007 Kev. 
+ 123 Kev., (d) 593 Kev. + 760 Kev. + 244 Kev. + 123 Kev., and (e) 1600 
Kev. + 123 Kev. If one puts the 1723 Kev. sum peak in the gate and 
Observes the “ sum-coincidence” spectrum, one should get only these 
y-Tays. For. instance, :one should not observe the 1277 Kev. y-ray if there 
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is no transition from the 1723 Kev. state to the 1400 Kev. state with the 
emission of 323 Kev. y-ray. 


For the present studies, a weak source of Eu™, made from the neutron 
irradiation of enriched Eu* in the reactor at Oak Ridge, was used. As 
described earlier, the source was viewed by two well-matched Nal crystals 
and multiplier units, and the pulses were added with a resistance network. 
The spectrum of y-rays in a single unit is given in Fig.5. The added spec- 
trum of y-rays is given in Fig. 6. In the added spectrum, one finds a peak 
occurring at 1723 Kev. corresponding to the highest known level at 1723. 
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Fic. 5. ‘y-Spectrum of Eu" with the source in contact with the crystal. 
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Fic. 6. Added spectrum of the y-rays of Eu™* showing sum peaks at 1723 Kev. and 
1850 Kev. 
In addition, one can see that there is a peak at 1,850 Kev. also. The latter 
peak may be due to a hitherto unreported level in Gd" or it may due to 
some impurities. By studying the height of this peak with different intensity 
sources, it was concluded that this peak did not arise from the random sum- 
ming of y-rays. 


First a small portion (one volt) of the sum peak at 1723 was taken in 
the gate and the spectrum in one of the crystals was scanned in a twenty- 
channel pulse-height analyser. The sum-coincidence spectrum is reproduced 
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in Fig. 7. Here one can see the peaks at the y-ray energies 123 Kev., 248 Keyv., 
330 Kev., 725 Kev., 875 Kev., 1000 Kev., 1277 Kev., 1400 Kev., 1600 Key. 
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Fic. 7. “Sum-coincidence” spectrum of the y-rays of Eu" with 1723 Kev. sum _ peak 
in the gate. 


and at 1723 Kev. Of the predicted y-ray peaks, only that of 593 Kev. does 
not seem to have been formed properly. On the other hand, the appearance 
of the peaks in the sum-coincidence spectrum at 320 Kev. and 1280 Kev. 
points to the conclusion that some transition from 1723 Kev. level takes 
place to the 1400 Kev. level also. 
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From the unexpected appearance of a sum peak at 1850 Kev., one can 


‘only conclude (Lu et al., 1954, 1955) that there is a level either in Gd™ or 


in some impurities present at this energy. The sum-coincidence techniques 
can be utilized to identify the source of this level. If this sum peak arises 
from some impurities, the y-rays appearing in the sum-coincidence spectrum 
would be very different from the familiar y-rays in the decay of Eu. 
Figure 8 shows the “‘sum-coincidence” spectrum with the 1850 Kev. sum peak 
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Fic. 8.—‘*Sum-coincidence” spectrum of the y-rays of Eu with 1850 Kev. sum peak 


in the gate. 


(2 volts) in the gate. The y-ray peaks appear at about 123 Kev., 248 Kev., 
875 Kev., 970 Kev., 


300 Kev., 360 Kev., 450 Kev., 594 Kev., 760 Kev., 
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1060 Kev., 1280 Kev., 1400 Kev., 1600 Kev., 1723 Kev., and 1850 Kev. Of 
these, the peaks at 1723 Kev., 1600 Kev., 1400 Kev., 1280 Kev., 1000 Kev., 
594 Kev., 248 Kev. and 123 Kev. are familiar in the decay of Eu. One is 
thus inclined to think that there is a level in Gd™™ at 1850 Kev. which is fed 
to a small extent by the beta decay of Eu‘. From the relative magnitude 
of the sum peak areas at 1723 Kev. and at 1850 Kev. (Bhatki, Gupta and 
Jha, 1956), one can calculate the relative intensities of the S--branchings, 
If the conclusion is correct, B--branching leading to the 1850 Kev. level is 
about 3%. 


No effort has been made to fit the other peaks appearing in the sum- 
coincidence spectrum of Eu’ with the 1850 Kev. sum peak in the gate into 
the Eu'** decay scheme. The present decay scheme is obviously not ade- 
quate as it cannot account for the peaks near 1100 Kev., the complex nature 
of the 1600 Kev. peak, and the 694 Kev. and 705 Kev. peaks found by 
Juliano and Stephens (1957). 
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DISCUSSION 


The sum-coincidence technique is extremely powerful in revealing rare 
modes of decay of cascade y-rays, as shown in the case of Eu, T1202 
(Jha and Devare, 1959), Ba!** (Jha et al., 1959). Ifa state A decays by the 
emission of a dominant cascade X and Y, and a weaker cascade M and N, 
it is found that within the statistics, the height of the peaks X and Y are equal, 
and those of M and N are equal. The ratio of the peak areas (X or Y)/ 
(M or N) is a measure of the intensity ratio of the two modes of decay. Of 
course, if one wants to be precise, one should include corrections for the 
internal conversion of y-rays and for efficiencies of detection of the y-rays. 


It may be emphasised here that in the study of Eu the technique of 
sum-coincidence has been utilised for the identification of the 1850 Kev. 
level as the one belonging to Eu™. 


In course of these studies, it was realised that this technique can be 
utilised with profit only if one makes use of well-matched Nal crystals and 
multiplier units of the best quality. The stability of the high voltage supply 
required in this case is much greater than what is needed in ormal scintil- 
lation spectrometer studies. 


Our work was greatly facilitated by the generous help of Dr. B. Saraf, 
who placed his twenty-channel pulse-height analyser at our disposal. We 
express our deep appreciation of the help we have received from M/s. R. M. 
Singru, Jambunathan and Deshpande. 
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f SUMMARY 


If a radioactive source emitting cascade y-rays is placed between 
two well-matched Nal crystal and multiplier units and pulses from the two 
units are added electronically, one would get, in the added spectrum, a peak 
corresponding to the sum of the energies of the cascade y-rays. If 
the pulses in one of the units are analysed in coincidence with the final sum 
peak, one would get only the photo-peaks of the cascade y-rays. This 
“ sum-coincidence ” technique has been applied to the study of the +-rays 
of Sc#®, Sm™* and Eu, In Eu decay, the cascade emission of 
: 320 Kev., 1280 Kev. and 123 Kev. y-rays has been established; and it has 
) been shown that there is a level in Gd" at 1850 Kev. which is fed by 
. --emission from Eu to the extent of about 3%. 
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INTRODUCTION 


THE paper deals with investigations into the properties of organic matter 
in black cotton soils and attempts to explain the factors responsible for the 
dark colour of the soil. The dark colour was previously attributed to the 
presence of titaniferrous magnetite, magnetite? a high C:N ratio,® ex- 
changeable calcium,* the clay substance itself or organic matter.* Organic 
carbon as the cause of the black colour was discredited’-* as it was found 
that the colour was unaffected by treatment with H,O, or NaOH. The con- 
clusions reached were at variance with one another, and many of the results 
reported were not confirmed by subsequent investigations. No systematic 
analysis was carried out before and after treatment and the colour changes 
were observed mainly by visual observations and hence subjectively. 


In the present paper an objective and systematic approach is made. 
Colour changes are estimated by a tintometer and expressed in terms of 
Munsell notation.!2 The organic carbon content was estimated before and 
after the treatments and the DTA technique was employed to study the 
thermal characteristics of the reactions involved. It is hoped that the results 
reported here afford an acceptable solution to the problem and throw some 
light, not only on the agricultural use of the soil and soil genesis, but also 
prove helpful in brick-making and similar industries where such soils are 
used. 


EXPERIMENTAL 


A typical sample of black cotton soil obtained from a brick field from 
Indore, Madhya Pradesh, was taken for the investigations. The mechanical 
analysis of the soil was carried out using sodium hexametaphosphate as the 
dispersing agent. The soil was also chemically analysed. The base exchange 
capacity was found out. These results are given in Table I. Organic carbon 
content was estimated by the Walkley and Black method.°® 
314 











y 
5 
i 
Hi 





Bar ELD 











The Dark Colour of Black Cotton Soils 


TABLE I 
Composition of black soil from Indore 


(a) Mechanical composition (soil) 


Clay Silt Sand 
(-002 mm.) (-02 mm.) 
53-3 19-8 26+9 


(b) Chemical composition (clay fraction) 


Per cent. 
SiO, - ie 48-65 
Al,O, i = 12-83 
Fe,0, a ee 
K,O ne me Traces 
TiO, +i m Traces 
CaO fe of 7°87 
‘MgO - “4 2°26 
Insolubles .3 kia 1-49 
Loss on ignition .. = 17-33 
SiO,/Al,0, ~ - 6°42 
SiO,/Al,O, + Fe,O, ag 4-39 


Different treatments, such as heating in air or vacuum and treatments 
with different oxidising agents and soil extractants were tried. The colour 
changes, observed in each of these cases, using a tintometer and expressed 
in terms of the Lovibond scale and Munsell notation, are given in Tables II 
and III. The value of the neutral tint tabulated is a measure of the dullness 
of the colour. 


Differential thermal analysis was carried out semi-automatically on the 
treated and untreated soil samples. The temperature of the furnace was 
raised uniformly at a rate of 10°C./min. using a Leeds and Northrup 
Programme Controller triggered by a chromel-alumel thermocouple, placed 
outside the specimen block. The specimen block was of Grimshaw and 
Roberts pattern'® and was made of ceramic material. The differential 
thermocouple, made of chromel-alumel was connected to a sensitive 
Galvanometer. The Galvanometer readings were taken manually. The 
thermograms obtained are given in Fig. 1. 











£013 yrzep A104 
(4A OL) Ve 


uMolg Zu01s 
(4A GS-4) 9.9 


uMo1q yep 
(YA $°L) 9? 
‘op 


“op 


unoiq £213 yieg 
(4A 61) 3/* 


*siy p (uInnseA) 
*D oOJIb 38 preeH 


“‘siy p ‘UInnoeA) 
"D .008 38 paeayy 


(‘siq ) 
"D .00P 38 porary 


("saq F) 
‘DO .00€ 38 porary 


("sy ¥) 
"2 900g 38 pareays 


(s1q 4) 
*D .O01 38 pareory 


(;108 yeut3110) 
3UaUI1) 8213 ON 





aBueQ 3OIA «(UaAID SONIC MOI]PA Os poy 








(aje98 puog:aoT uo sinojod wo’ peze/Nd;eD) 
GINOJOD [ea stA 





yesinay 


Onigg MOTTA 











ayeos 
puoqiao’] uo siNojo7) 





woqse9 
duesIC 





sugUI}eOT TL 





[10S u0}J0I YIVIG Ul 42110 MNVvDs410 puv snojO0) fo joAOWAA ay UO Juauvas Joay fo 1IaffJ 
II a1avybe 








— 
a 
§ 
3 
18) 
s 
S 
=) 
>) 
a 
3 
S 
1%) 
3 
Q 
v 
B 





umoiq aed 
(UA O01) $/9 


4213 3y31} 
(MA OL) 32 


£°0 


9°39 8°¢ 


wuommy % OT 


‘2 of 8 
ye aprxoied usdo1pApy 


(p102) 
eprxoind = uaoupAyy 
% OF ‘arveyd 
-soydejowexsy wnipog 


g/N sey 
-SOydejowexay wntpos 


(‘siq 9) pre sunyd 
“INS YIM payrpre 
aJeMOiYyIIP UWNIssejOg 


WI ‘eprxospdy uinypog 


(‘s1y %) ‘D 00> 
38 wWINNIBA Ul pajtay 
pue sjyewoiysIp poy 
“1PIV YTB peze91} [10g 


(‘14 6) ‘9.00% 
ye WINNIBA UT pajeoy 
pue a3eydsoydeiow 
-Bx9Yy YIM pajvaly [10S 








Tjesunyq 


esuwg 3WOlA wey og 


MOILPA 


Ped 








(21898 PuoqAO’y ua sINOJOD WO pezE[NIeD) 


S4ANO]OD JeNstA 


[eaneN 





anig  Mojiay 








9ye0s 
puoqiaoy uo sincjo> 


% 
uoqieo 


a1ue 84, ) 





quauI}¥O1 |, 





aid 
-weg 








Sjuauijpad) Snojava dajfo j10s yoIvjJq asopuy JO .1a]JoUL JJuDs410 pub anojod uj asubyD 


Il] dav L 

























V. S. RAMACHANDRAN AND OTHERS 


TEMPERATURE 
° 
o 200 400 600 800 1000 Cc 








GALVANOMETER DEFLECTION 




















= L 1 1 EE ee ee ~ 
° 200 400 600 800 tooo Cc 
TEMPERATURE 


Fic. 1. Thermograms of black cotton soils subjectedjto various treatments. 


(1) Clay fraction. (2) Vacuum-heated at 400°C. (3) Sodium hexametaphosphate treated. 
(4) Hydrogen peroxide (hot). (5) Hydrogen peroxide (cold). (6) Sodium hydroxide. 


DISCUSSION OF RESULTS 


The sample of Indore soil contains about 54% clay fraction. The base 
exchange capacity is 53-6 m.e./100 gm. when referred to-the total soil and 
about 100 m.e./100 gm. when referred to the clay fraction alone. The 
SiO,/Al,O, and SiO,/R,O, ratios are 6-42 and 4-39 respectively and K* is 
present only in traces. These results, as well as the DTA diagrams, indicate 
the presence of montmorillonite in the sample. 


The organic carbon content of the soil as determined is 0°45%. This 
is reduced to 0-16% and 0-02% when the soil is heated in air to 300° C. and 
400° C. respectively with a progressive decrease, within this temperature 
range. The colour of the sample gradually changes as indicated by the 
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reduction in the neutral tint to 2-7 at 300°C. and finally to 1-6 at 400°C. 
The increase in red observed is to be ascribed to the sintering of Fe,O,. The 
corresponding DTA curve of the untreated soils with a strong exothermic 
peak at 325° C., followed by another at 410° C., should represent a stepwise 
oxidation of the organic content of the soil. The rest of the reactions indi- 
cated at higher temperatures represent the loss of lattice water and the break- 
down of the lattice. The initial endothermic peak between 100 and 
200° C. indicates loss of physically held water only. 


Heating the soil to 400°C. in vacuum on the other hand increased the 
dark colour, the neutral tint increasing from an initial value 3-0 to 4-6 for the 
treated soil. The carbon content was naturally not reduced and remained 
at 0:39% at 400°C. The small reduction of 0-06% carbon is probably due 
to some burning of the organic matter to elemental carbon. which cannot be 
detected in the Walkley and Black method. The vacuum-heated soil when 
heated in air loses the dark colour, above 600° C., at about which tempera- 
ture the elemental carbon is oxidised. The higher endothermic peaks in the 
DTA curve of the vacuum-heated sample is reduced to a small extent. 


Treatment with hydrogen peroxide.—Treatment with hydrogen peroxide 
at room temperature failed to remove the dark colour of the sample, the 
neutral tint reduced from 3-:0-2-7 only and the organic matter from 
0:45-0:39% only. This observation is in conformity with those of other 
workers.*® 


However, when the soil was treated with hydrogen peroxide at 80° C. 
for 6 days, the carbon content was reduced almost to 0% and the neutral 
tint fell from 3-0-1-2 indicating the removal of the dark colour. Worall* 
reported that lignin humus fraction of clay got oxidised by H,O, treatment 
only at 80°C. The DTA diagram of the soil so treated fails to show the 
exothermic peaks whereas the diagram for the soil after cold treatment con- 
tinues to show them. 


Dichromate treatment.—Treatment with acidified potassium dichromate 
destroyed the dark colour of the sample, reducing the neutral tint from 3-1-8. 
When the dichromate-treated sample was heated in vacuum it failed to show 
any deepening of the colour. This indicates the absence of organic matter 
in the sample and also shows that the deepening of the dark colour in the 
soil on heating under vacuum is due to the reduction of the part of organic 
matter to elemental carbon. 


Extraction with sodium hydroxide—Using Worall’s method,!? 150 gm. 
of black soil was repeatedly extracted with 500 c.c. of 10% NaOH at boiling 











320 V. S. RAMACHANDRAN AND OTHERS 
point. The colour was only partially transferred to the alkaline extract 
which on addition of HCI precipitated a small amount of humic acid. The 
treated sample, on analysis, gave 0-3% carbon only. The neutral colour value 
of the residue changed from 3-0-2-3 only. Evidently NaOH could remove 
the colour only to a minor extent. Such would not be the case if the organic 
matter in the original soil contained free humic acid. This is further 
supported by the fact that extraction with a hot solution of ammonia did not 
also reduce the colour. Negative results were recorded when lignin was 
sought to be detected by the standard phloroglucinol and sodium hypo- 
chlorite and sodium sulphite tests. Only a small reduction of the exo- 
thermic peaks is observed for the NaOH-treated sample. 


Extraction with sodium hexametaphosphate-—This method was found 
successful at Rothamsted!* for extracting soil humus matter. The present 
sample when extracted with N/25 hexametaphosphate did not prove effective 
in the removal of dark colour. On the other hand, when the soil was 
extracted with 10% boiling solution of the hexametaphosphate, the neutral 
value was brought down to 1-2 and the carbon content reduced to 0-2%. 
The DTA diagram of the soil so treated shows the highly reduced peaks due 
to the residual organic matter only which is not responsible for the dark 
colour. 


The DTA curve of the untreated sample shows that oxidation of organic 
matter occurs in two stages as shown by the two peaks, one at 325° C. and the 
other at 410°C. Soveri!* observed double exothermic peaks in certain 
Fennoscandian clays. He has shown that the peak at 330°C. is caused by 
water-soluble or precipitated humic complexes. In some cases he observed 
another less pronounced peak at about 380-470°C. Thermograms of the 
sample treated with cold hydrogen peroxide exhibits a single exothermic 
peak corresponding to a temperature of 4/0°C. The treatment does not 
reduce the dark colour of the soil. Hot hydrogen peroxide practically elimi- 
nates both the peaks and also removes the dark colour. This indicates that 
the fraction of organic matter responsible for the dark colour is oxidised at 
410°C. Phosphate treatment reduces the intensity of the dark colour as 
well as the area of the two peaks appreciably. Removal of humic acid from 
soil by phosphate treatment shows that a part of the organic matter forms a 
complex with the clay mineral. Sodium hydroxide treatment also reduces 
the area of both the peaks, but the reduction in area is much less than that 
obtained by the phosphate treatment. This corroborates the fact that 
phosphate ions are more efficacious in removing the anions which are attached 
on the positive sites available on the edges of the clay crystal. All this evi- 
dence points to the fact that part of the organic matter in black soil forms 
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a complex with the clay mineral and part is in the uncombined state. The 
existence of clay complex has now been well established. The fraction which 
combines with clay mineral is naturally more resistant to the action of the 
destructive agencies and therefore requires prolonged H,O, treatment at a 
temperature of 80° C. for its destruction. It also oxidises at a higher tempera- 
ture compared to other fraction. 


Thus, the presence of 0-45% organic carbon in the sample, the fact that 
a sensible reduction of that percentage by either methods adopted is always 
accompanied by the destruction of dark colour and the fact that whenever 
there is no reduction of carbon content, the dark colour continues to persist, 
shows that the colour of the black soil is primarily due to its organic content, 
which may, in part at least, be in combination with the clay mineral. 


SUMMARY 


Black cotton soil from Indore (Madhya Pradesh) which is predomi- 
nantly composed of montmorillonite contained 0-45% organic matter. A 
sensible reduction of the organic content by any method was invariably 
followed by a corresponding reduction in its dark colour. Treatment with 
10% sodium hexametaphosphate at boiling point or with H,O, at 80°C. 
or the dichromate were effective in removing the colour. NaOH does not 
remove the organic matter nor the dark colour of the soil except only slightly, 
Heating in air at 400° C. oxidises the organic matter and hence removes the 
colour. Heating in vacuum however is obviously ineffective. DTA studies 
show that the oxidation of the organic matter, which is responsible for the 
dark colour, occurs in stages at 325° and 410°C. 
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1. INTRODUCTION AND EXPERIMENTAL PROCEDURE 


NICHOLS AND CoworKeERS (1914-19) described the fluorescence spectra of 
solutions of uranyl nitrate and observed a variety of changes in the frozen 
state spectra. The approximate coincidence of room temperature spectrum 
of the solution with that of the solid led Levshin (1937) to suggest that un- 
dissociated molecules were responsible for the fluorescence emission. 
Gordon (1951), on the other hand, maintains that in uranyl nitrate solutions, 
particularly at room temperature, the UO,** ion does not fluoresce and the 
emission is due to the UO, OH* ions. There are a great many other obser- 
vations in literature on the behaviour of uranyl solutions but, as stated by 
Dieke and Duncan (1949), their significance for the understanding of the 
spectra of solutions is not clear. In a recent note (Pant and Khandelwal, 
1957, 1959) specific attempts to investigate how exactly the fluorescence 
spectra are influenced by the presence of various chemical species in these 
solutions were reported. The present paper gives details of the results of 
studies made on uranyl nitrate solutions at room temperature. 


The uranyl nitrate and other chemicals used were of A.R. grade. Con- 
ductivity water was used to prepare the solutions and pH was varied by addi- 
tion of NaOH or HNO ,. No attempt was made to remove the dissolved 
oxygen from solutions. Absorption spectra were taken with the UVISPEK 
spectro-photometer and pH was measured with a Macbeth pH meter. Fluo- 
rescence spectra were recorded with a Bellingham Stanley monochromator 
and 931A photomultiplier arrangement. The exciting radiation (3650 A) 
from a 125-watt Philips black-light lamp, run on a constant voltage supply, 
was focussed by a large concave mirror with a central aperture so as to fall 
on the sample along the axis of the collimator, whereby more of the fluo- 
rescence light could be gathered by the monochromator and semiquantitative 
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estimates of relative fluorescence efficiencies could be made. Corrections 
for the spectral response of the photomultiplier and dispersion of the mono- 
chromator were applied to compare intensities in different spectral regions. 
The fluorescence. curves given here, however, are drawn after the readings of 
the measuiand only. Five to six bands could be observed in the spectra but 
the longer wavelength bands are not included owing to low sensitivity of the 
photomultiplier in that region. The curves were subjected to Gaussian ana- 
lyses to get the positions and intensities of different bands. The bands are 
rather diffuse and their location may be in error by +5A. Values of 
integrated intensities are stated only for the bands in which the trends are 
systematic and of a degree far greater than possible errors in the analyses. 


2. EXPERIMENTAL RESULTS 


(A) Absorption spectra——An extensive study of these spectra was made 
from 5000 A to 2100A at concentrations between 2M to -001 M, pH <1 
to > 4 and NO,.- concentration up to ~10 M. The general features of such 
spectra being well known, no details are presented. Briefly, on dilution 
(Fig. 1) the molar extinction coefficient « decreases and reaches a minimum 
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Fic. 1. Variation of e at three of the bands in uranyl nitrate solution with variation 
of concentration (variation of pH is also shown). 


of 8-2 at peak 4145 A with concentration 0-1 M. It increases again on dilution. 
Even at the minimum, addition of slight acid (to lower pH < 2) reduced « 
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to 7°8. Addition of alkali or acid to this solution increases «. The absorp- 
tion spectra of 0-1 M solution for various amounts of added HNO; are given 
along with one spectrum of alkaline solution in Fig. 2. The marked change 
at extreme NO,;- concentration is to be noted. 
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Fic. 2. Absorption spectrum of uranyl nitrate solution with varying quantity of nitric 
acid. U-concertration constant at 0-1.M; concertration of HNO, uscd: (8%. Proportion of 
HNO, by volume: (1) 0%, :1') 2%, (2) 1€%, (3) 15% (4) 25%, (5) 20%, (6) 4%, (7) 5C%, (8) 106%. 
Curve 9 is for same solution with a little alkali (for comparison). 

(B) Fluorescence spectra.—In Figs. 3 and 4 are shown some typical stages 
in the fluorescence spectra of aqueous solutions as the concentration varies 
from 2 M to 0-0015 M (pH ranging from 1-0 to 3-6). The effect of suc- 
cessive addition of nitric acid (68%) to a solution whose U-concentration 
was kept constant at 0-08 M is shown in Figs. 5 and 6. Figure 7 shows 
the effect of adding NaOH (0-002 M) to a 0-3 M solution. The spectrum 
of the solid hexahydrate is given in each figure for comparison. The 
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Fic. 3. Fluorescence spectrum of uranyl nitrate aqueous solution at room temperature with 
varying dilution. (1) 2M, (2) 1M, (3) 0-5M, (4) spectrum of the solid nitrate (for com- 
parison). 
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Fic. 4. Fluor‘scence spectrum of uranyl nitrate aqueous solution at room temperature 
with varying dilution (continued from Fig. 3). (1) 0:5 M, (2) 0:2M, (3) 0-025 M, (4) 0-006 M, 
(5) 0-0015 M, (6) spectrum of the solid nitrate (for comparison). 
positions of the various bands are given in Table I and relative integrated 
intensities of the different bands of two of the series in pure aqueous 
solutions are given in Table II. 
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Fig. 5. Fluorescence spectrum of uranyl nitrate solution with varying quartity of nitric 
acid, U-concen'rai n const nt at 0-08 M; concentration of HNO, used: 6&%. 
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Fic. 6. Fluorescence spectrum of uranyl nitrate solution with varying quartity of nitric 
acid (continued from Fig. 5). Proportion of HNO, by volume: (1) 0°1%, (2) 30%, (3) 46% 
(4) 50%, (5) 75%, (6) spectrum of the solid nitrate (for comparison). 






Preportion of 





328 


D. D. PANT AND D. P. KHANDELWAL 





eX 


~~h 


Inrénsiry (SCALES ARBITRARY) 
= 
— 
~ 
\ 
P 
, 
A 
¢ 
¢ 
‘ 
ee 
~ 
7 
? a 
’ 
, . 
, . 
Ff oN 
- < 
- 
e 
4 
‘ 
Q 
wn 
' 





v/ ~S 





1 a, 
0 


. 
~ 
f : x ., 
~ 
, eget : : 
n ‘ 








aes 


Fig. 7. Fluorescence spectrum of uranyl nitrate solution with varying quantity of NaOH. 
U-concentration constant at 0-3M; NaOH used ~ -002M. (1) 0%, (2) 0-1%, (3) 0:3%, 


(4) 0-5%, (5) 1-0% NaOH by volume, (6) spectrum of the solid nitrate (for comparison). 


TABLE I 


Positions of various fluorescence bands at room temperature 











Bands of solution 


Bands of solid 











Group 
a B y a’ Levshin Authors WN andH 
0 AA .. 4888 5010 4970 4865 4879 4883 4882 
vy cm. . 20453 19954 20115 20549 20490 20474 20478 
1 AA .. 5108 5240 5185 5065 5100 5100 5096 
vcm.~} . 19572 19079 19281 19738 19602 19602 19618 
2 AA .. 5350 5460 5420 5300 5340 5340 5331 
vem.—} . 18686 18310 18445 18863 18721 18721 18753 
3 aa + ae ai at Le 5607 5590 5591 
vem. . 17820 17830 17884 17886 
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TABLE IJ 


Distribution of intensity between different fluorescence bands of 
a and y series 





Intensity Intensity in solution 


Band in 
solid 2M 1M -5M -2M -025M -006M -0015M 








ag  .. 028 0:38 0-44 0-45 0-49 0-54 0-52 
a, .. 1:00 1:00 1:00 1-00 1-00 1-00 1-00 
0:76 0:46 0:53 0-69 0-70 0-77 0:83 


as .. 0-20 zs ¥ .. 0-20 0-21 0-23 

Yo . 0-66 0-68 0-72 0-73 
v1 ve 1:00 1-00 1-00 1:00 
Ye + 0-38 0-48 0-44 0-45 





The following features are brought out by these studies :— 


(i) The fluorescence spectrum of aqueous solutions of uranyl nitrate 
at room temperature can, under controlled conditions, exhibit four distinct 
seties of bands, designated as a, B, y and a’ bands. 


(ii) The concentrated solutions show a and f bands. With dilution 
the 8 bands diminish rapidly in intensity so that at 0-5 M only a bands are 
left. Dilute solutions show a and y bands, the latter gaining in intensity 
with further dilution and appearing exclusively at great dilution. However, 
on increasing NO,- concentration by adding acid the 8 bands appear even in 
moderately dilute solution. The 0-:08M solution with 30% acid shows 
8 bands fairly distinctly. On the other hand, when pH is increased by 
the addition of alkali even moderately concentrated solution show y bands. 
For a 0:3 M solution ~ 5% of -002 M NaOH is enough to make the y bands 
so strong as to suppress the a entirely. 


The a’ bands appear only in the extreme range of acidity (Fig. 6). In 
this range the 8 bands are not affected in intensity or position but the a bands 
shift towards the violet and tend to become indistinguishable, except in wave- 
length values, from the 8 bands. Ultimately at ~ 75% acid content only 
a single set of bands (a’) is present. 
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FOO ' 3200 “Si 
Fia. 8. (a) Absorption and (5) Fluorescence spectra of uranyl nitrate solution taken 
simultaneously with successive addition of NaOH, leading close upto a stage where precipitation 


would occur with further NaOH. U-conce itratio: 0-08 M, Curves 1-6 are for successively 
increasing NaOH. (G) shows a Gaussian analysis of Curve 5 (a). 


(iii) The a bands of solution are shifted with respect to the bands of the 
solid by ~30cm.-! towards the red, but do not change in position with 
dilution or acid-alkali content. The f bands are shifted relatively to the cor- 
responding a bands by an average of ~450cm.' towards red and the 
y bands are similarly shifted by ~280cm.-? The a’ bands, on the other 
hand, lie to the violet of the corresponding a bands by ~ 170 cm.-! 


(iv) The frequency intervals in the 8 and a’ series are, broadly speaking, 


the same as in a-series, viz., 860cm.-! The interval in y series is less than 
in a-series. 


(v) With dilution the overall intensity at first increases, but later on 
begins to fall. The fluorescence efficiency, however, increases continuously. 


The intensity in the spectrum when the solution shows y bands is much 


greater than in other cases. The spectrum is least intense when the a’ bands 
are showing. 


(vi) As regards intensity distribution the a bands in solution have their 
intensity shifted towards the (0, 0) band as compared to the bands of the 
solid. With dilution the intensity distribution gets wider (Table II). 


The y bands have a distribution far more shifted towards the (0, 0) band, 


so much so that this may be considered as one of the characteristics of these 
bands. 
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(vii) In structure the y bands are less discrete than a bands. The f bands 
also have a structure more diffuse than that of a bands. 


(C) The (0, 0) bands in absorption corresponding to the different series.— 
The first bands (Fig. 2) in the absorption spectra of aqueous solution 
(4860 A) and of the highly acidic solution (4830 A) obviously correspond 
to the a, (4888 A) and a,’ (4865 A) bands respectively in fluorescence. In search 
for an absorption band corresponding to y series the absorption and fluore- 
scence spectra were examined simultaneously for a -08 M aqueous solution to 
which alkali was successively added. Figure 8 a shows that the first band in 
absorption shifts from 4860 A to 4920 A as « at this band rises from 0-4 to 
1-8. With further addition of alkali the band remains in an unchanged 
position at 4920 A. This may therefore be taken as the (0, 0) absorption band 
corresponding to the y, band (4970 A) in fluorescence. 


In Table III the separations of corresponding (0, 0) bands are given. 


TABLE II] 


Separation of (0,0) bands in absorption and fluorescence 











Absorption Fluorescence Separation 
Band 
AA y, cm.~? AA v, cm.-! Av, cm. 
do o- 4860 20570 4888 20453 117 
ay. - 4830 20698 4865 20549 149 
Yo ie 4920 20320 4970 20115 205 





As regards absorption corresponding to the f bands, the situation is 
not clear. In the earlier stages of adding acid (up to 30%) where 8 bands 
develop in fluorescence (Fig. 6), the 4860 A absorption band (Fig. 2) 
enhances in intensity but remains unchanged in position. 


Curves 5 and 6 in Fig. 8 b show that when considerable alkali is added 
to the solution a distinct change in intensity distribution in fluorescence sets 
in. The intensity shifts towards the red, so that the longer wavelength bands 
become relatively more intense and the spectrum tends to become conti- 
nuous. 
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3. DISCUSSION OF RESULTS 


A considerable understanding of the chemistry of uranyl solutions has 
now been achieved by several physico-chemical studies (Sutton, 1949; Betts 
and Michels, 1949; Ahrland, 1951, 1954; Hearne and White, 1957; Robin- 
son, Wilson and Ayling, 1942; Lipilina and Samilov, 1954). In dilute and 
acidic nitrate solutions (pH < 2) the ion exists as UO,*+, possibly hydrated, 
In higher NO, concentration range additional species like UO, NO,* will 
also be present, while at very high NO,- concentration Betts and Michels 
have indicated the possible formation of UO, (NO), also. On the other 
hand, in dilute solutions and/or large pH species like UO,UO,** are 
formed by hydrolysis: 

(n + 1) UO, +n H,O @=(UO,), UO, + 2H 


Sutton, Betts and Michels have obtained «¢ values (at 4145 A) for 
the separate species UO,**, UO, UO,*+* and UO, NO,* as 7°8, 67 end 15-5 


respectively. Our studies of absorption spectra are largely in accord with 
these results and help us in identifying and estimating the particuiar species 
present in a given solution. Thus the 0-1 M aqueous solution has « = 8-2 


which falls to 7-8 on slight acidulation. This solution therefore contains 
predominantly the UO,** ions. On greater dilution or alkaline side «¢ 
increases due to the formation of the hydrolysed species UO,UO,++, while on 
higher concentration or acidic side e« increases due to the formation of 
UO,NO,*. In the extreme NO,~ concentration range (Curve 8, Fig. 2) the 
sharp change in the spectrum is to be attributed to UO, (NO,),. 


When the fluorescence results are seen in conjunction with the above 
conclusions the emitters of a, 8, y and a’ bands are identified as UO,*+, 
UO,NO,*, UO,;U0,** and UO,(NOs), respectively. Since increase of pH 
enhances the y series, the a bands cannot be due to a hydrolysed species like 
UO,OH* as suggested by Gordon. 


From the correspondence between the a bands of solution and the bands 
of the solid hexahydrate it would appear that the six molecules of water of 
crystallisation which octahedrally surround the uranyl ion in the solid may 
still be present in the solution in the same arrangement. This view of the 
hydrated UO, ion is supported by entropy measurements of Coulter et al. 
(1940) and thermochemical investigations of Lipilina and Samilov (1954). 
However, differences arise between the spectra in the two cases due to 
environmental effects. The intensity distribution in bands of the solution is 
shifted towards the (0, 0) band and gets wider with increasing dilution. The 
first of these effects is obviously connected with the difference in the displace- 
ments of the potential minima of the ground and the excited states of the 
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ion in solution and solid. Raman spectra (Crandall, 1949; Sutton, 1952) 
do show slight deformation of the ion from linear structure in solution and 
this fact can account for the intensity shift. The second effect points to 
flattening of the electronic wave-functions of the vibrationless electronic states. 
Since the distance of approach of positive ion from the negative ions is inde- 
pendent of dilution (Gurney, 1953), there is no wavelength shift. However, 
with dilution long-range forces breakdown resulting in a minor widening of 
intensity distribution. 


For the assignment of 8 bands quantitative considerations connected 
with absorption data also lend support. From « values we get the proportion 
of UO,NO,* to UO,+* in 2M, 1 M and -5M solutions as -75, -35 and -15 
respectively. Now, considering that the ¢ for the two species at 3650A 
(exciting radiation) are 2:0 and 3-5 respectively the intensity ratios B/a in 
the solutions should be -43, -20 and -086. The actual values -49, -24 and 
‘10 are in surprisingly good agreement with the calculated values, particu- 
larly in view of the complicated quenching processes connected with dilution. 


As regards y bands a notable fact is that they make their appearance 
to the entire exclusion of a bands even when the proportion of UO,UO,*", 
as calculated from absorption data, is very small. For example, in the case 
of a -08 M aqueous solution calculation shows that the UO,UO,** species 
is only 0-8%. Accounting for the fact that ¢ value for this species at 3650 A 
is 10 times that for the UO,** ion, the y to a intensity ratio in fluorescence 
should have been 1:12. The corresponding fluorescence curve, on the other 
hand, shows the y bands at least as prominently as the a bands. This shows 
that either the species UO,UO,** is better shielded from deactivating colli- 
sions and has consequently higher fluorescence efficiency, or the UO,** ion 
itself is transferring its energy to this ion. The latter possibility cannot be 
discarded, especially in view of the fact that the excited state of UO,UO,** 
is energetically lower than that of UO,** (the difference is ~ -05 eV.). 


The possibility of explaining the y bands as due to a vibrational fre- 
quency of ~ 340 cm.—! is ruled out because no such frequency is observed 
in absorption and because the (0, 0) band in absorption due to UO,UO;** is 
definitely obtained. Although there is a rather large shift between the (0, 0) 
band in fluorescence and absorption (~ 200 cm.-), yet this shift is observed 
in a series as well. Such relative shifts are well known in the condensed 
state spectra (Garner, 1955). 


The change in the nature of the spectrum at later stages of addition of 
alkali (Fig. 8 5) points to the formation of more complex hydrolysed species, 
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e.g., (UO,), UO,**, etc. This development comes about at almost the same 
pH value at which Sutton reports it from absorption experiments in per- 
chlorate solution. However, the change is far more marked in the fluore- 
cence spectrum than in absorption. 


It is interesting to recall that the spectra of hydrated UO, in the solid 
state (Dieke and Duncan, /oc. cit.) resemble the y bands reported here. Com- 
pared to the solid nitrate, in both the cases the bands are more diffuse, the 
intensity distribution is shifted very conspicuously towards the (0, 0) band, 
the spectra are shifted towards the red and the vibrational frequency is 
decreased. Now, in the trioxide each uranium atom has two nearest 0 atoms 
at 2:08 A compared to 1-19A in the uranyl ion (Zachariasen, 1948). The 
electronic energy difference between the excited and the ground state and the 
vibrational frequency are 19°7x10-*cm.-! and 810cm. in hydrated UO, 
as compared to 20-5 10-* cm.-! and 860 cm.-? respectively in uranyl nitrate. 
These differences may be attributed to the repulsion of the uranyl oxygens 
by other oxygen atoms in UO; and consequent decrease in force constant. 
Apparently, in the hydrolysed species too the interatomic distances and 
force constants are influenced markedly by the extra oxygen atoms. 


The authors wish to thank Prof. R. K. Asundi for useful discussions. 


4. SUMMARY 


The fluorescence spectra of uranyl nitrate solutions at room temperature 
are shown to give four distinct series of bands, designated a, 8, y and a’, 
depending upon concentration, pH, etc. The a, 8 and y series are respec- 
tively shown to be probably due to the species UO,**, UO,NO,* and 
UO,U0O,**. Higher hydrolysed species, when present, shift the spectrum 
towards the red. The species have been identified with the help of absorption 
spectra and their comparison with the results of earlier workers. a’ bands 
are probably due to a species of the type UO,(NO;),. The intensity distri- 
bution in the various series is studied and it is found that in a and y bands the 
intensity distribution gets wider on dilution. The various characteristics 
observed as regards the bahaviour of the different series are discussed on the 
basis of environmental differences of the species in the solid and solution 
states. A close resemblance between the spectra of hydrated solid UO, 
and y bands is pointed out. 
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II. Dioxanates of Cupric and Ferric Chlorides 
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Received July 7, 1959 
(Communicated by Dr. M. R. A. Rao, F.A.sc.) 


INTRODUCTION 


MOLECULAR addition compounds of metallic halides with several ethers have 
been extensively studied and dioxanates of several metallic halides: are 
reported.~* Rheindboldt et ai.’ in the course of their systematic investigations 
of the dioxane complexes of the halides of mono-, di- and trivalent metals 
have reported cupric chloride dioxanate with the formula CuCl,.C,H,O, 
as a relatively unstable compound. Later studies by Virginia et al.® have 
shown that cupric chloride forms a di-dioxanate. The method of prepara- 
tion followed by the earlier workers is the direct mixing of dioxane and the 
metallic halide and subsequent purification. In view of the reported differ- 
ences in the composition of cupric chloride dioxanate and in view of the 
absence of any previous studies on ferric chloride dioxanate, the present 
investigations have been made by the authors. The new method developed 
by the present authors® for the preparation of mercuric chloride dioxanate is 
employed for the isolation of the dioxanates described in this paper. 


The freshly prepared dry metallic oxide or hydrous oxide is suspended 
in pure dry dioxane and treated with dry hydrogen chloride gas. The hot 
solution is filtered under dry conditions to remove unreacted or hydrolysed 
materials and the filtrate is cooled overnight at 0° C. when crystals of the 
dioxanate separate. The crystals are collected in a dry sintered funnel, 
washed with dry petroleum ether and treated with a current of dry air. The 
samples if necessary can be recrystallised from dioxane. The pure samples 
are then analysed for metal and chloride. 


DISCUSSION 


Cupric chloride dioxanate thus prepared and analysed is found to be 
the mono-dioxanate, the analytical values agreeing with the formula 
CuCl,-C,H,O,. Cupric chloride dioxanate is very sparingly soluble in 
336 
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dioxan and this fact makes the method of preparation less convenient and effi- 
cient. On treatment with hydrogen chloride gas, a brownish product gets 
precipitated, covering the unreacted copper oxide and thus preventing com- 
pletion of the reaction. This difficulty is observed with precipitated copper 
oxide and to a larger measure with ignited oxide, but when cupric hydroxide 
dried to constant weight at 160° C. is used, a homogeneous product is 
obtained. Solubility of the complex in dioxane is considerably low and 
only a small quantity of the crystals could be obtained on cooling the filtrate. 
The crystals are brownish in colour, needle-shaped and highly hygroscopic. 
On exposure to air, the colour changes to bluish green. The complex is 
very soluble in water, the concentrated solution becoming blue. The dio- 
xanate is very stable and remains unchanged even after heating to 140° C. 
or after evacuation at | mm. pressure for 2 hours. No change in composi- 
tion occurs when crystallised from alcohol. But when crystallised from water 
the dioxanate is destroyed and cupric chloride dihydrate is obtained. At 
no stage in the present investigations, the authors were able to get the 
didioxanate of cupric chloride as reported by Virginia et al. 


Ferric chloride is found to form the tridioxanate with the formula 
FeCl,.3 C,H,O,. Trivalent halides of arsenic, antimony and bismuth form 
molecular addition compounds with dioxane!® with the general formula 
2 MCI,.3 C,H,O. (where M = As; Sb or Bi) and aluminium halides form 
both mono- and didioxanates.1! Among the transition elements, Cobalt is 
reported to form Col,-3 CyH,O,; Col,-2 C,HgO, and Col,.C,H,O,. Ferric 
chloride shows close resemblance to cobalt iodide in the number and stabi- 
lities of their dioxanates. The present method of preparation is highly 
suitable for isolating ferric chloride dioxanate. Both hydrous and ignited 
ferric oxides are found to be equally good as starting material. Ferric oxide 
suspended in dioxane is rapidly and vigorously attacked by hydrogen chloride 
gas. No unreacted oxide remains and no ferric chloride complex gets preci- 
pitated. However, the solubility of the complex in dioxane is so high that 
the yield on crystallisation is small. The dioxanate is obtained as pale green 
thin plates. It is extremely hygroscopic and changes to an yellowish brown 
viscous liquid on exposure to air. The crystals can be best preserved in 
petroleum ether or in an atmosphere of dioxane vapour . When kept in a 
desiccator, slow changes in colour and crystalline form set in, with loss of 
dioxane. A product approximating to the composition 2 FeCl,.3 C,H,O, 
can be obtained by crystallisation of the tridioxanate from alcohol. 
When kept in a vacuum, the tridioxanate slowly changes to give first 
2 FeCl,.3 C,H,O, and finally FeCl;-C,H,O.. The monodioxanate can be 
obtained within 90 minutes if the evacuation is done at 110°C. The 
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dioxanate is more highly soluble than ferric chloride itself in alcohol and 
acetone. However, the acetone solution undergoes colour change and slow 
decomposition even at 0° C. 


EXPERIMENTAL 
Materials Used 


(1) Cupric oxide —(a) A.R. grade copper sulphate (50 g.) was dissolved 
in water and a dilute solution of sodium hydroxide added till precipitation 
was complete. The precipitate was allowed to stand at 80° C. for one hour, 
filtered and washed free of soluble impurities. It was then dried at 160° C. 
to constant weight, powdered and stored. Analysis of the sample showed 
it to be pure cupric oxide. 


(b) A.R. grade copper carbonate (25 g.) was ignited in a platinum dish 
at 800°C. The copper oxide thus obtained was cooled and stored. 


(c) A.R. grade copper sulphate (50 g.) was dissolved in water and | N 
ammonium hydroxide was added in drops till precipitation was complete. 
The precipitated cupric hydtoxide was filtered off, washed free of sulphate 
and dried at 160°C. to constant weight. 


Ferric oxide—{a) A.R. grade ferric ammonium sulphate (100 g.) was 
dissolved in water and | N ammonium hydroxide added to precipitate the 
ferric hydroxide. The precipitate was filtered off, washed free of sulphate 
and dried at 160°C. to constant weight. 


(b) The hydrated ferric oxide (10 g.) prepared as in (a) was ignited at 
900° C. cooled and stored. 


Dioxane.—C.P. grade B.D.H. make dioxan was refluxed with sodium, 
distilled and stored over sodium wire. 


Dry hydrogen chloride gas was prepared as and when required. 


Analytical——Pure samples of the dioxanates were analyesd for metal and 
chloride by standard methods. 


Preparation of Cupric Chloride Dioxanate 


Cupric oxide (5 g.) sample (a) was suspended in dioxan (200 ml.) and 
treated with dry hydrogen chloride gas. The contents of the vessel were 
cooled in cold water. A brown product was formed which got mixed up 
with the unreacted cupric oxide. As the reaction proceeded, the amount 
of the brown product increased, but even after one hour some cupric oxide 
was found to remain. The contents of the vessel were filtered under dry 
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conditions and the filtrate let stand overnight at 0° C. Light brown needle- 
shaped crystals of the dioxanate separated at the bottom of the vessel. The 
crystals were collected on a dry sintered funnel, washed with petroleum ether, 
dried in a current of dry air and analysed for copper and chloride. Found: 
per cent., Cu: 28-34; Cl:31-98. Calculated per cent. values for the 
formula CuCl,-C,H,O,: Cu:28-56; Cl: 31-86. Most of the dio- 
xanate formed by the reaction was admixed with unreacted copper oxide. 
When the ignited copper oxide, sample (b) was used in the above reaction, 
the behaviour was nearly identical, except that the reaction was slower and 
the amount of unreacted oxide was larger. But when cupric hydroxide 
sample (c) was made to react, the entire copper reacted rapidly and a 
brownish homogeneous product was obtained. This product after washing 
with petroleum ether was analysed. Found: per cent., Cu: 28-85; 
Cl: 31:21. Because of the very low solubility in dioxane, it could not be 
recrystallised successfully. The filtrate after removal of the brownish product 
gave, on cooling, needle-shaped crystals of the dioxanate CuCl,.C,H,O,. 

Stability studies—(1) The crystals on heating in a melting point tube 
underwent slight colour change to greyish brown at 140°C. There was no 
noticeable change till 300° C. and on further heating the substance charred 
leaving a black residue. The dioxanate was found to remain unchanged 
for several weeks when kept in a dry atmosphere. Evacuation at room 
temperature at | mm. pressure for two hours did not bring about any change 
in composition. 

(2) Effect of crystallising from water.—A saturated solution of the di- 
oxanate in water was prepared at 60° C. and the clear solution kept overnight 
at 0°C.  Bluish green crystals that separated were removed, dried 
between folds of filter-paper and analysed. Found: per cent., Cu: 37-03; 
Cl: 41-14. Calculated per cent. values for the formula CuCl,.2H,O: 
Ca: 37> 26: Cl: 44-58: 

From alcohol.—The dioxanate is fairly soluble in alcohol, the solution 
acquiring an olive green colour which becomes deeper with concentration. 
A saturated solution of the dioxanate crystals in about 50 ml. absolute alcohol 
was prepared at 40° C. and the clear solution cooled to 0°C. A solid phase 
got separated after two days, as hard plates with brick-red colour. However, 
the solid on analysis gave the same values as the original dioxanate. The 
crystallised product was heated under vacuum for two hours and there was 
no loss in weight showing that it was a very stable compound. 

From acetone.—Cupric chloride dioxanate is only very sparingly soluble 
in acetone, the solution acquiring a pale brownish colour. A product with 
definite crystalline shape or composition could not be isolated. 
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Preparation of Ferric Chloride Dioxanate 


The procedure adopted was the same as described earlier. Ferric oxide 
(5 g.), sample (a) suspended in 100 ml. dioxane was treated with hydrogen 
chloride gas. The reaction was very fast and a dull green clear solution was 
obtained within fifteen minutes. All the ferric oxide had gone into solution 
and the complex had not precipitated during the reaction. The solution 
was kept overnight at 0°C. when the dioxanate separated. The crystals 
were transferred to a sintered funnel, washed several times with petroleum 
ether and kept in a current of dry air for 30 minutes. The sample was then 
analysed for iron and chloride. Found: per cent., Fe: 13-22; Cl: 25-15. 
Calculated per cent. values for the formula FeCl,.3C,H,O,: Fe: 13-10; 
Cl: 24-97. 

The experiment was then repeated with ignited ferric oxide (sample 4). 
Reaction proceeded in almost identical manner except for the slower rate and 
the same product wes obtained. 


Stability studies.—Ferric chloride tridioxanate even on keeping under 
dry conditions is found to: be unstable. In about 10-12 days it becomes 
black and sticky. However, it can be preserved indefinitely under petroleum 
ether. When exposed to air, it rapidly absorbs moisture and behaves like 
ferric chloride. It is readily soluble in water, at first giving an yellowish green 
solution which on keeping becomes more yellow and finally yellowish-brown, 
possibly due to hydrolysis and formation of colloidal ferric hydroxide. 


The dioxanate dissolves readily in alcohol imparting a pale yellow colour 
to the solution. Even after cooling a saturated solution to — 20° C., only a 
small amount of the crystals could be obtained. Analysis of this product 
does not give any concordant results, but the values approximate for the 
formula 2FeCl,.3C,H,Os.. 


The dioxanate crystals are equally highly soluble in acetone, the solution 
becoming pale brown in colour. But within 30 minutes, even at 0° C. the 
colour was found to deepen and in two hours, the solution became dark 
brown in colour. On cooling to —20° C., a dark brown solid got deposited, 
together with a tarry oily matter on the top of the solution. Attempts to 
identify the products were unsuccessful. 


The dioxanate crystals, on slowly heating with a naked flame, melt and 
then burn with a smoky flame. On stronger heating ferric oxide is obtained. 
When kept in a vacuum there was progressive loss in dioxane and two lower 
dioxanates 2 FeCl,.3 CyH,O, and FeCl,-C,H,O, could be isolated. These 
lower dioxanates are more stable than the tridioxanate, the monodioxanate 
being most stable. 
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Cupric chloride dioxanate has been prepared by the new method deve- 
loped by the authors and shown to be the monodioxanate. 
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SUMMARY 


and effects of crystallisation from different solvents are reported. 


The tridioxanate of ferric chloride is prepared and studied. Existence 


of two lower dioxanates of ferric chloride has been indicated. 
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DECAY OF Eu™ 
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INTRODUCTION 


Europium" > is known! to decay to Gadolinium™ with half life about 
1-7 years. There are three decay schemes proposed recently, one by Dubey 
et al.,* the other by Juliano and the third by Bisiand Zappa. The last two 
decay schemes are similar except that there is one more level at 117 kev. to 
explain new transitions observed by them. There is considerable disagree- 
ment about spin and parity assignments to these levels and also about the 
B-groups. Since Gd'® is an odd A nucleus in the region of nuclei where large 
deformation is known to be present, it would be interesting to know more 
about these nuclear levels. This isotope was reinvestigated using intermediate 


image Siegbahn-Slatis f-ray spectrometer adapted for -é-coincidence 
measurements. The conversion line spectrum of this isotope has not been 
studied so far using this technique. 


OBSERVATIONS 


The source was obtained by irradiating in Oak Ridge Pile, a sample of 
Sm™, enriched to 99-1%. The other activity produced was due to Eu™ 
which decays to Gd"* with half life of 15 days. About a year had elapsed 
before the observations on Eu were started. There was thus no possibility 
of Eu * being present in appreciable amount. Other impurity that was 
observed was Eu. Contribution due to Eu™ could easily be established by | 
coincidence measurements as shown later. 


(a) The spectrometer was adjusted for resolution 2-7% as tested with 
Cs!*? source of 3mm. diameter. Eu* source was prepared by evaporating | 
a drop of solution on a thin plastic film made conducting by aquadaq. Insu § 
line was used for getting uniform sources. The §-particle detector on the § 
focussing side was a thin anthracene crystal covered with 150ygm./cm.’ } 
thick aluminium foil as a reflector, and mounted on a perspex light guide, 
9” long and 1” diameter, which passes through the pole piece of the spectro- 
meter. EM.I. photomultiplier tube 6260 type was used. Pulses from the 


anode were fed to the amplifier and discriminator and to the recorder. The 
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low energy response was tested with K and L lines of 84 kev. transition in 
the decay of Tm!”°. Performance of this scintillation detector was tested by 
studying different well-known isotopes (e.g., Co, Tm!, Ce and Eu’®*), 
One finds only three distinct peaks superposed on very intense background 
due to B-continuum. These conversion lines have been identified as due to 
86 kev. (K, L,) and 105 kev. (K, L,) transitions. An estimate of relative inten- 
sities of these lines based on such a spectrum would be in great error. From 
the spectrum it appears that there is a high energy £-group which extends up 
to about 1,800 kev. Fermi analysis showed the presence of two main high 
energy B-groups, Bg = 1,800 kev. and fp + 830 kev. which were attributed 
to Eu. Fermi analysis of low energy f-spectrum after subtracting above- 
mentioned high energy f-groups reveals the other B-groups as follows:— 








B-Groups Energy Intensity log (ft.) 
B, .. 245 + 5 kev. 20% 8-1 
Bo .. 182 + 5 kev. 22% 7°7 
Bs .. 145 +5 kev. 58% 7-1 





E. L. Church? finds the following B-groups: B, = 250; B, = 190; 8, = 160 
and 8, = 150 kev. It has not been possible to resolve the last two 8-groups. 


(b) A plastic scintillator 4” thick, }” diameter was kept behind the source 
for detecting the f-particles. Discriminator level was kept sufficiently low 
to admit the pulses due to low energy electrons also. Pulses from the dis- 
criminator, on both sides, were fed to a coincidence unit with resolution, 
0:25 sec. Performance of the coincidence unit was tested with a Tm!” 
source. Only K and L conversion peaks due to 84 kev. transition were 
Observed in coincidence with f-rays aud the background due to the 
B-spectrum was completely suppressed. 


Figure 1 shows the conversion. electron spectrum in coincidence with 
8-rays in the decay of Eu. This spectrum reveals several conversion lines. 
They have been identified as due to y, (86+2kev.); y, (104 + 2 kev.); 
v3 (31 + 2 kev.); y, (38 + 2 kev.) and yg (120+ 2kev.). The interpretation 
of the lines observed is given in Table I. 


The transition energies given in the last column are mean values obtained 
in different runs. Our observation confirms the presence of y-rays of 
about 30 kev. and 39 kev. energy reported by Bisi for the first time from his 
yy coincidence observations. The y-ray of energy 60 kev. reported by 
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Fig. 1. 
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TABLE I 





Line energy 


Identity Energy of the transition 





23_—sikev. 
28°5 kev. 
36°5 kev. 
54 kev. 
68-5 kev. 
77 _~—=sikev. 
97-5 kev. 
114 kev. 


L; 
L, 
K, 
K, 


ries 


f 


31 + 2 kev. (y5) 
38 + 2 kev. (y,) 
86 + 2 kev. (7) 
104 + 2 kev. (y.) 
120 + 2 kev. (y,) 
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others!» #5 has not been resolved. L-shell conversion line energy of this 
transition is 51-63 kev. which overlaps the K-conversion line energy of 
104 kev. transition at 53-7 kev. The K-shell conversion line due to 60 kev. 
transition and L-conversion line due to 18 kev. transition reported by some 
others!» *»5 are too low in energy to be detected in the present arrangement. 
Another weak transition of energy 45 kev. has been reported by Boehm but 
not by others. However, it was not possible to observe it here since its L-con- 
version line falls very close to the K-conversion line of 86 kev. transition. 
Since the reported conversion line intensity of this transition is only about 
5% that of 86 kev. transition its contribution in estimating K/L + M ratio 
for 86 kev. transition has been neglected, this being within the statistical 
errors. Using the theoretical value for L/M ratio (M. E. Rose*) the ratio 
K/L was calculated to be 2:6 + 0:6. 


Since a weak high energy f-group was observed in the f-spectrum and 
which was attributed to Eu impurity it was necessary to find if there are 
any conversion lines observed belonging to Eu. By adjusting the dis- 
criminator level, low energy f-groups were cut off and conversion line spec- 
trum in coincidence with high energy f-rays was studied in the same region. 
Only two conversion lines (Ka and La, Fig. 2) were observed. These two 
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lines were interpreted as due to 122 kev. transition in the decay of Eu'™. The 
K/L ratio for this transition was found to be about 1-0 which is in agreement 
with the value reported by other observers.’ This reveals the usefulness of 
this technique. 


RESULTS AND DISCUSSION 


From the internal conversion spectrum taken in coincidence with 
B-particles the K/L ratio was determined for the 86 and 104 kev. transitions 
as 2-6+0:6 and <6 respectively. Only the upper limit has been given 
for 104 kev. transition because the contribution of L-line of 60 kev. transi- 
tion could not be determined. Rutledge® finds K/L ratio for the 86 kev. 
transition as 8 whereas Lee and Katz find it to be ~4. Lee and Katz® 
observe another transition of energy about 130 kev. The K-line of this 
transition falls very close to the L-line of 86 kev. transition. These could 
not be resolved in our spectrometer. This can result in giving a lower value 
for K/L ratio for the 86 kev. transition. But Church and Goldhaber!® 
pointed out that 130 kev. y-ray may be due to Eu®* impurity which was 
however not present appreciably in our sample. Comparing the K/L ratio 
with the theoretical values (Table II) corrected for finite nuclear size it is 
concluded that this is E, + M, transition, whereas 104 kev. transition may 
be (E, + M,) or (E, + M,) transition. 


TABLE II 





Transition Theoretical K/L ratio Experiment 








Energy E, K/L 


86 kev. — 7 0-8 7°9 3°3 2°6 + 0-6 
104 kev. .- 692 1-06 7°6 3-7 < 6 





Juliano observes L,: L,,: L,,; from visual intensity measurement with high 
resolution spectrograph as medium: very medium: weak medium and he 
concludes that 86 kev. transition is E, type. Our value for K/L ratio favours 
E, + M, type of transition. Based on these observations as well as those 
of others a new decay scheme for Eu" is proposed (Fig. 3). This decay 
scheme is similar to the one proposed by Bisi in which a new level at 117 kev. 
is assumed to explain 87 kev. and 30 kev. transition in cascade. 


There is no arrangement about the spin assignments made by different 
workers. The spin of the ground state of Gd™ has been measured by Jenkins 
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and Speck" as 3/2 and by Murakawa?? as > 5/2. Dubey and others assign 
7/2- for the ground state, 9/2- for the 18 kev. state and 5/2- for the 102 kev, 
state to get a better spin sequence on the basis of the shell model. Accord- 
ingly 84 kev. is mainly E, type and 104 kev. transition is E, + M, type, which 
is in agreement with our observations. The ground state (3/2-), 60 kev. 
(5/2-) and 144 kev. (7/2-) states are known to belong to one rotational level.!* 
It is not possible to make definite spin assignment to all the other states. 
Assignment of spin 3/2- or 5/2- to 86 kev. level and 5/2- or 3/2- to 105 kev. 
level has been made on the basis of our experimental observations of K/L 
ratio and log ft values. Spins 3/2+ for 86 kev. level and 5/2+ for 105 kev. level 
have been assigned by Juliano. This would mean the 145 kev. §-transition 
(5/2+ —>5/2+) is of allowed type. But log ft value is about 7-1 which 
favours Ist forbidden type of f-transition (5/2+ —»5/2-) in agreement with 
our assignment. 


Our thanks are due to Shri S. D. Bhagwat and Shri C. V. Panat for 
their kind help during this work. 
SUMMARY 


Decay of Eu’ has been studied using intermediate image §-ray 
spectrometer, modified to make B-@ and f-y coincidence measurements. 
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The following B-groups have been observed: 245kev., 182kev. and 
145 kev. K/L ratio for 86 kev. transition is found to be ~2:6. A decay 
scheme has been proposed. 
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